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ABSTRACT 

/ 3 /3  
This repor t  i s  a summary of WDL-TR2629 Volumes I1 and I11 which con- 

t a i n  the r e s u l t s  of a study performed under Contract NAS8-11198. 

mary purpose of the study i s  t o  es tab l i sh  the  navigation and guidance 

system requirements f o r  an Earth-Mars round-trip mission. 

purpose i s  t o  develop general ana lys i s  techniques t h a t  could be used t o  

e s t a b l i s h  those requirements f o r  any interplanetary mission. 

The p r i -  

A secondary 

The scope of the study includes a s t a t i s t i ca l  e r r o r  ana lys i s  of the  

navigation and guidance systems f o r  the midcourse and o r b i t a l  phases of t he  

Earth-Mars mission. A 532 day round-trip t r a j e c t o r y  i s  used which i s  based 

on a 1975 launch opportunity and has high energies f o r  both the outbound 

and r e t u r n  phases. In general, only random e r r o r s  r e s u l t i n g  from the navi- 

gation instruments and the  guidance maneuvers are considered. Four naviga- 

t i o n  system configurations are evaluated under the  assumption t h a t  observa- 

t i o n  d a t a  are processed with a minimum variance Kalman f i l t e r  t o  estimate 

the vehicle  state. 

Sections 2, 3, and 4 of t h i s  report s m a r i z e  the  navigation and 

guidance theory, t he  computer simulation, and the  onboard measurement 

techniques t h a t  have been used i n  the  study. 

cussed i n  Sections 5, 6 and 7 f o r  t h e  outbound midcourse, the r e tu rn  mid- 

course phase, and the Mars o r b i t a l  phase, respec t ive ly .  

The p r inc ipa l  r e s u l t s  are d is -  

-ii- 
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FOREWORD 

This volume contains a summary of the navigation and guidance analys is  

performed under contracts NAS 8 11198 for Marshall Space Fl ight  Center, 

The deta i led  analys is  are presented inVolumes I1 and 111. 
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SECTION 1 

INTRODUCTION 

1.1 GENERAL OBJECTIVES AND SCOPE 

, The primary objec t ive  of  contract  NAS8-11198 is t o  e s t a b l i s h  the bas ic  

requirements fo r  an Advanced Spaceborne Detection, Tracking and Navigation 

System capable of performing fu ture  interplanetary missions. To achieve 

t h i s  object ive,  the following tasks  had t o  be completed: 

a. 

b. 

C. 

d. 

Organize the  study such tha t  information is obtained which shows 

t radeoff  between performance and system complexity, and can be 

used t o  s e l e c t  a system f o r  a given mission. 

Derive s u i t a b l e  mathematical techniques for  ca lcu la t ing  the 

guidance and navigation systems performance. 

Develop methods fo r  data presentat ion which indicate  accuracy 

tradcof f s  between various subsystems and components within a 

p a r t i c u l a r  system. 

Determine the a reas  and components which require  fu ture  research. 

The scope of the  study includes an evaluat ion of systems which u t i l i z e  

Earth-based and onboard navigation, and combinations of the  two systems. 

The r e s u l t s  obtained can be used to es tab l i sh  the  c a p a b i l i t i e s  of  these 

systems t o  perform various missions. 

t o  s tudy,  however, c e r t a i n  r e s t r i c t ions  on the  scope of the  study had t o  

be made. 

MSFC personnel: 

I n  order t o  make the  problem amenable 

The following r e s t r i c t i o n s  were e i t h e r  suggested by o r  approved by 

a. Primary emphasis and calculat ions a r e  f o r  the  1975 opportunity f o r  a 

round-trip t o  Mars (Figure 1-1). 

time of  about 40 days in o r b i t  about Mors a t  an a l t i t u d e  higher 

The t r a j ec to ry  includes a s t a y  

1- 1 
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I 

than the sens ib le  Martian atmosphere (500 Km). The outbound 

f l i g h t  time is  235 days, and the r e tu rn  f l i g h t  time is 297 days. 

This r e s t r i c t i o n  was made a t  the s t a r t  o f  t he  study because 

obtaining data fo r  a l l  possible missions would not  be feasible .  

Some data  a r e  a l s o  generated for the  round-trip t r a j ec to ry  shown 

i n  Figure 1-2. This is a 180-day low energy outbound t r a j ec to ry  

with a 360-day re turn  t ra jectory.  The r e tu rn  t r a j ec to ry  includes 

a Venus swingby. 

b. The covariance matrix of inject ion e r r o r s  a t  the  Earth is not 

s tudied a s  a parameter. This matrix,  which is  a function of the 

time i n  park o r b i t  a t  the Earth, is intended t o  be representat ive 

of the c a p a b i l i t i e s  of future  launch vehic le  guidance systems. 

The primary influence of t h i s  matr ix  is  on the  magnitude of the 

midcourse ve loc i ty  requirements a t  t he  f i r s t  guidance correct ion.  

c. The study emphasized the following phases of the mission: 

1. Midcourse from Earth t o  Mars 

2. Orbi ta l  navigation a t  Mars 

3. Midcourse from Mars te  Earth,  

These phases a r e  probably the most demanding on the sensor require- 

ments i f  one neglects  t he  i n e r t i a l  components required during the acce lera t ing  

(or  dece lera t ing)  pos i t ions  of the t o t a l  mission. 

1.2 STUDY FORMAT 

The requirements of the navigation and guidance systems may vary 

considerably depending on the  mission i t s e l f .  

ob ta in  d8ta  t h a t  shows the t r rdeof f  between onboard system complexity and 

the guidance and navigation system performance t h a t  can be achieved. 

navigat ion system configurat ions are cons idered; they vary i n  complexity 

from one t h a t  depends e n t i r e l y  on Earth-bared t racking  and computations 

This study is designed t o  

Four 
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t o  one tha t  has a t o t a l  onboard navigation capabi l i ty .  These four systems 

could be used for missions t h a t  vary from a simple planetary flyby mission 

t o  a round-trip manned mission. 

The four navigation and guidance systems whose performance a r e  analyzed 

i n  t h i s  study are:  

a. System I 

1. Onboard Equipment 

(a) 

(b) Rocket motor fo r  thrust ing 

( c )  

An a t t i t u d e  cont ro l  system with a reference alignment 
procedure 

Comand system fo r  receipt  of  comand s igna l s  f o r  midcourse 
maneuvers. 

2. Earth-Based Equipment 

(a) DSIF Tracking Network 

(b) Computation f a c i l i t i e s  

3. Typical Mission 

(a) Planetary flyby 

(b) Planetary o r b i t e r  

b. System I1 

1. Onboard Equipment 

(a) Same a s  System I 

(b) Sextant o r  theodolite - Measurements r e s t r i c t e d  near 
maneuver times t o  permit Earth-based computation 

2. Earth-Based Equipment 

(a)  Same a s  System I 

3. Typical Missions 

(a) Close Approach Flyby 

(b) Planetary Orbi ter  

c. System 111 

1. Onboard Equipment 

(a) Same a s  System I1 

1-3 
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(b) Onboard radar  

2. 

(c) Dig i ta l  computer which w i l l  be used dur ing  the  te rmina l  
p a r t  of t h e  outbound midcourse phase, o r b i t a l  naviga t ion  
phase, and the  i n i t i a l  p a r t  o f  t h e  midcourse r e t u r n  
phase. 
when they are required dur ing  t h e  r ap id ly  changing 
po r t ions  of t h e  f l i g h t  which occur a t  g r e a t  d i s t ances  
(and consequently cause command t i m e  de l ays )  from t h e  
Earth. 

This sytem would a l low rap id  onboard c a l c u l a t i o n s  

Earth-Based Equipment 

(a) Same as System 11 

3. Typical  Mission 

(a)  Manned round-tr ip  to  Mars 

(b) Planetary o r b i t e r  

(c) Lander 

d. System IV 

1. Onboard Equipment 

(a) Same a s  System 111 with t h e  except ion o f  t h e  comnand system; 
System IV places  no r e l i a n c e  on Earth-based f a c i l i t i e s .  

2. Earth-Based Equipment 

(a)  None; complete onboard system f o r  a l l  phases of t h e  mission 

3. Typical  Mission 

(a) Manned round-tr ip  to Mars 

1.3 STUDY ASSUMPTIONS 

The r e s u l t s  o f  t h i s  s tudy have been obtained wi th  t h e  following 

a s  sump t ions  : 

1) Linear theory app l i e s  i n  t h e  neighborhood o f  t h e  nominal t r a j e c t o r y .  

This allows the  ensemble s t a t i s t i c a l  da t a  t o  be ca lcu la ted  e f f i c i e n t l y  

fo r  q u a n t i t i e s  such a s  RMS deviat ion from the nominal, RMS m i s s  a t  t h e  

t a r g e t ,  RbS midcourse ve loc i ty  requirements ,  etc. 

2) Navigation measurements a r e  processed wi th  Kalman Minimum Variance 

f i l t e r  (weighted least squares or Maximum Likelihood a r e  equal ly  

appl icable) .  

1-4 
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3) Maneuvers may be represented by s t ep  changes i n  veloci ty .  This 

permits the  e r r o r  sources to  be represented by a simple but  

r e a l i s t i c  matheamtical model and s impl i f ies  the  ca l cu la t ion  of 

ensemble s t a t i s t i c a l  data  f o r  the guidance system analysis .  

4) Mathematical models of  the  error sources a r e  constrained t o  those 

which the cur ren t  simulation program can handle. The primary 

emphasis is on random e r r o r  sources. The Earth-based t racker  

s t a t i o n  locat ion e r r o r s  were t reated a s  b i a s  e r r o r  sources but 

equation-of-motion uncertaint ies  and measurement b iases  were 

neg lec  t ed. 

5 )  The e r r o r  sources t h a t  a r e  considered i n  the  study a r e  the 

fo 1 lowing: 

(a) Onboard Control System (Random Errors )  

(1) 

(2) 

(3) 

Shut-off Er ror  - proportional t o  and i n  the d i r ec t ion  of 
ve loc i ty  correction. 

Resolution Error  - independent of magnitude but i n  the 
d i r ec t ion  of veloci ty  correction. 

Pointinp Error  - proportional t o  the  magnitude and 
normal t o  d i rec t ion  o f  the ve loc i ty  correct ion.  

(b) Earth-Based Tracking (Random Errors )  

(1) Range-rate 

(2) Azimuth 

(3) Elevation 

(c)  Onboard Angular Measurements (Random Error  - magnitude 
depends on planet  subtended angle). 

(1) Right ascension, decl inat ion ( theodol i te) .  

(2) Plane t -s ta r  angle (sextant) .  

(3) Subtended angle (range measurements). 

1- 5 
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SECTION 2 

THEORETICAL ANALYSIS OF THE NAVIGATION AND GUIDANCE SYSTEMS 

* 
This sec t ion  presents  a summary of the t h e o r e t i c a l  ana lys i s  which 

is used t o  evaluate the  navigation and guidance system c a p a b i l i t i e s  i n  

t h i s  study. 

used to  perform s t a t i s t i c a l  analyses of t he  deviat ion s t a t e ,  x,  (Figure 2-1). 

An estimate of the  s t a t e ,  2, is obtained by the navigation system a s  the 

r e s u l t  of taking observations and smoothing the data with a Kalman f i l t e r .  

The e r r o r s  i n  estimates of the s t a t e  ind ica te  the performance of t he  

navigation system. The estimate of the s t a t e  is used i n  computing 

guidance correct ions.  The ensemble s t a t i s t i c a l  behavior of these deviation 

q u a n t i t i e s  can be determined in  a l inear  system by ana lys i s  of t h e i r  

covariance matrices (Figure 2-2). 

Linear per turbat ion theory about a nominal t r a j ec to ry  is 

2.1 NAVIGATION SYSTEM 

The equations below show the  change i n  the  deviat ion s t a t e  estimate 

and covariance matrix of the  e r r o r  i n  es t imate  when a Kalman f i l t e r  is 

used t o  include an observation i n  the estimate.  

P n = P - P H ~ ( H P H ~  + Q ) - ~  HP (2-2) 

where 

2 estimate of deviation s t a t e  a f t e r  an observation n 

2 old estimate of deviat ion s t a t e  

P - covariance matrix of e r r o r  i n  estimate of the s t a t e  

~~ ~ 

* Derivations of equations a r e  preaented i n  Section 2.0 of  Reference 1. 

2 - 1  
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H = gradient of measurement with respect  t o  the s t a t e  
(row vector)  

Q = variance of measurement noise 

y = measurement value 

A 

y estimate of measurement value 

Pn = covariance matrix of e r r o r  i n  es t imate  of s t a t e s  
a f t e r  the obscrvat ion. 

The equations f o r  the propagation of the deviat ion s t a t e  estimate and 

covariance matrix of the  e r ro r  i n  estimate along the  nominal t r a j ec to ry  

(Figure 2-2) a re  the  following: 

m 

2" where a(t *t ) is the  t r a n s i t i o n  matrix from time tl  t o  t ime  t 2' 1 

The estimate of the  terminal constraint  deviat ion cnd covariance 

matrix of the e r r o r  i n  estimate of deviations a re  obtained by using (2-3) 

and (2-4) w i t h  the  t r a n s i t i o n  matrix t o  the  terminal time T and a point 

transformation between the terminal deviation s t a t e  and the  cons t ra in t  

devia t ion  as  follows: 

= C(T) Y T ; t )  ; ( t )  = D(T,t) f ( t )  

2-2 
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(2-6) 

where 
C(T) = point transformation from state deviations to 

constraint deviat ions 

EST = covariance matrix of error in estimate of end 
constraints. 

2.2 GUIDANCE SYSTEM 

The linear analysis of the guidance system is summarized by the 

following equations: 

where 
A 

gg(t) - the estimated velocity correction required 
D2 = matrix of sensitivities relating constraint 

changes at time T to velocity changes at time 
t, 

^ ^ T  
'8 '8 

E($ 2 ) = covariance matrix of the estimated velocity 
correct ion. 

The selection of the terminal constraints which are to be controlled 
establish the guidance law. The three guidance laws considered in this 

study are shown pictorially in Figure 2-3. 

The P and PAR covariance matrices following a guidance correction 
are as follows (Figure 2-2B): 

2-3 
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PARA = PB + 

c 

0 0 

0 E(rrT) 

r o  0 

0 E ( E E  T 1 - 

PA = PB + CY (2- 10) 

where the subscr ip ts  A and B r e f e r  to  a f t e r  the  cor rec t ion  and before the 
T cor rec t ion  respect ively,  and E(CE ) is the covariance matrix of the execution 

e r r o r s  (proportiona l , resolut ion,  and pointing). 

The s t a t e  deviat ions described by (2-9) a r e  with respect  t o  the new 

nominal t r a j ec to ry  defined a t  the  time of  the cor rec t ion  based on the 

est imate  of the  s t a t e  a t  t ha t  t i m e .  The quant i ty  cr i n  (2-10) is a constant 

t h a t  may assume values from 0 t o  1. It is the r e s u l t  o f  monitoring the 

guidance cor rec t ion  with an onboard device. 

2.3 END CONSTRAINTS 

The r e s u l t s  of t h i s  study a r e  presented in  terms of the  end cons t ra in ts  

which have been used. 

- Arr iva l  (FTA) guidance law was expressed i n  a l t i t u d e ,  down range, and cross  

range coordinates of per iaps is  (Figure 2-4A). 

The end posit ion s t a t e  used with the  Fixed _Time of 

The 3 vector(2)was used to  control  the t a rge t  passage d is tance  with 

the  Variable Time of Arr iva l  guidance law (Figure 2-4B). 

vec tors  a r e  se lec ted  (Figure 2-4B) so deviat ions in  a r e  deviat ions i n  

the magnitude of the  vector  and deviations in  B * R  a r e  deviat ions in  the 

i n c l i n a t i o n  of the  approach t ra jec tory  plane. The deviat ions i n  B'T for t h i s  

case can be expressed as deviat ions in radius  of c loses t  approach o r  per i -  

The ? and i 

+ A  

A 
4 

a p s i s  a l t i t u d e  deviations.  The re lat ionship is shown below (3) : 

2-4 
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r 1 

where 

r = radius of  c losest  approach A 

p = gravi tat ion constant 

voD = ve loc i ty  a t  i n f i n i t e  distance 

(2- 11) 

(2- 12) 

For the nominal trajector ies  that have been used for the outbound and return 

phases, the closest approach deviations are  approximately .95 of the t . 3  
deviat ions.  

2- 5 
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Estimated Trajectory 
4 -  - z - 

1 

Actual Trajectory 

\ 
\Actual \ X(t) \' 

\ 
x(t) Deviation of State from Nominal 

x(t) Estimate of State Deviation 

x(t) E r r o r  in Estimate of Deviation 

h - 

t~ UT P(t) = E(x x ) =  covariance matrix 
of error in estimate 
of the state 

T 
PAR(t) = E(x x ) = covariance matrix 

of state deviation 
from the nominal 

AT 
PAR(t) - P(t) = E (2 x ) covariance matrix 

of estimate of the 
state deviation 

Figure 2-1 State Deviations 
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Fixed Time of Arrival (FTA) 

Actual 
Trajectory 

Nominal Trajectory 

Variable Time of Arrival (VTA) 
Velocity Relative to  Target Conr ra 

Correction Time (t) 

n t  

\ 
\ 

Nominal 

Corregtion Time (t) 

Variable Time of Arrival (VTA) 
Minimize AV Constraint - 

(t) = -D2-l(AB*R) AB*T 1 
\AM T + A T  

L 
A M  Selected to Minimize AV Required 

Figure 2 -3  Guidance Laws 

2-8 

Arrival 
Time 
(T +AT) 

Xg = Guidance Correction 

D = Matrix of Sensitivities Relating Constraints 
at (T) to Velocity Changes a t  (t). 
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General 

\ 

A 
N = V X W  

Figure 2-4.4 NVW Coordinates 

\ 
\ 
\ 
\ 
\ 

G =DR 
&=CR 
A 
N = ALT 

Periapsis 

M i s s  Plane 

S into Paper 

Pfgure 2-48 BVector Coordinates 
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SECTION 3 

DESCRIPTION OF DIGITAL COMPUTER SIMULATION 

I n  order t o  accomplish the objectives of t h i s  study it is necessary 

t o  develop a d i g i t a l  computer program which has the capab i l i t y  of simulat- 

ing both the  navigation and guidance systems fo r  an in te rp lane tary  mission, 

The Conic Error  Propagation Program (CEPP) used i n  t h i s  study has the  

fo llowing fea tures  : 

1) Patch-Conic Nominal Trajectory 

2) Closed-Form Analytic Expressions f o r  the Transi t ion Matrix 

3) Navigation Capabili ty 

a. Earth-Based Measurements (Range, Range-bte, Azimuth, 
E leva t ion) 

b. Onboard Measurements (Radar,Range, Range-Rate, Theodolite, 
Sextant,  Subtended Angle Range) 

c. Kalman F i l t e r  used t o  smooth observation data.  

4) Guidance Capabi l i ty  

a. Guidance Law ( E A ,  VTA with Vm cons t r a in t s ,  VTA v i t h  AI! 
m i n  i m  i z ed ) 

b. Parametric Analysis of Er ror  Sources (Pointing, Resolution, 
Propor t iona 1 Errors).  

3- 1 
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SECTION 4 

ONBOARD MEASUREMENT TECHNIQUES 

The w e r a l l  function of the navigation system, as defined i n  t h i s  

study, is t o  determine the bes t  estimate the  vehic le ' s  pos i t ion  and 

ve loc i ty .  

system is  the  se l ec t ion  of an observation schedule using a sextant  o r  

theodol i te .  

of a schedule are presented. 

celestial  body se l ec t ion  and star select ion.  

scheduling is t rea ted  i n  more d e t a i l  in Reference 4. 

An important pa r t  of t h i s  estimation process fo r  an onboard 

Three types of auxi l ia ry  da t a  which a r e  usefu l  i n  s e l ec t ion  

The data  concern measurement accuracy, 

This technique of onboard 

4.1 BODY SELECTION 

The measurement gradient  vec tor  H is important because it indicates  

the  d i r e c t i o n  i n  the  s t a t e  space i n  which the  estimate is improved by 

the  measurement. 

as a sex tan t  measurement of a star-planet  angle (Figure 4-1) i r  normal t o  

the  d i r e c t i o n  of t he  l i n e  of s ight  (US) and i n  the plane i n  which the angle 

is measured. 

l en t  t w o  theodol i te  angle measurements have gradient vectors  which span 

the  t w o  dimensional pos i t ion  space normal t o  the  d i r ec t ion  of the  LOS. 
The t h i r d  d i r ec t ion  of the  pos i t ion  space can be determined most favorably 

by us ing  a second planet  with a LDS di rec t ion  normal t o  the  f i r s t .  

accuracy of a s ing le  pos i t ion  estimate along one of the H vec tors  is 

determined by the  instruments measurement e r ro r .  

of t he  angular measurement e r r o r  has been assumed t o  be 

The gradient  associated with an angular measurement such 

Two orthogonal sextant mcasurements (Figure 4-2) o r  the  equiva- 

The 

The standard der iva t ion  

where 
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k: t he  variance of the  angular e r r o r  when the  

instrument is used f o r  star-star measurements 

k: = t he  variance of the  angular e r r o r  when the  

instrument is used t o  measure the  subtended 

angle of the body a t  some low a l t i t u d e  

RAD = radius  of the body 

1 R 1 = range t o  body center  

The e r r o r  model given by (4-1) i s  based on the assumption t h a t  as  

the  body is approached, its s i z e  i n  the f i e l d  of view increases ,which 

causes a grea te r  e r r o r  in  de tec t ing  the apparent center  or  r i m .  

Since the  measurement e r r o r  is  an angular e r r o r ,  the pos i t ion  uncertainty 

establ ished with such a device i e  d i r e c t l y  r e l a t ed  t o  the  range of the  body 

being observed. The uncertainty i n  a pos i t ion  measurement 8 as  a function 
P 

of range t o  the center  of t he  planet of i n t e r e s t ,  i s  given by 

1 R 1 = Range t o  planet (4-2) 

= Measurement e r r o r  (standard deviation) 
=€ 

The e r ro r  i n  pos i t ion  f o r  a single  observation of various planets  on 

the outbound t r a j ec to ry  is shown i n  Figure (4-3A). 

(4-3B) a re  t h e  r i g h t  ascensions of the c e l e s t i a l  bodies i n  a vehicle  

centered e c l i p t i c  coordinate frame. Since the  interplanetary t r a j ec to ry  

is  near ly  i n  the  e c l i p t i c  plane,  these da ta  can be used t o  s e l e c t  bodies 

which have o r i en ta t ion  ( idea l ly  orthogonal) such t h a t  the  two dimension 

inplane pos i t ion  can be estimated. 

e c l i p t i c  can be estimated by using any of the  bodies and a background s t a r  

i n  the  d i r ec t ion  normal t o  the e c l i p t i c  plane. 

The data  i n  Figure 

The pos i t i en  coordinate normal t o  the 
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The out of plane observations should therefore be confined t o  using the  

one body which provides the most accurate measurement. 

The problem of determining the two dimensional posi t ion i n  the t r a -  

jectory plane is more d i f f i c u l t  s ince it is  necessary t o  select two bodies 

whose measurement H vectors span the  t ra jec tory  plane. The se l ec t ion  of 

a schedule f o r  inplane measurements i s  made on the  bas i s  of the locat ion 

of the bodies in  the e c l i p t i c  plane r e l a t ive  t o  the vehicle  as w e l l  a s  

the measurement accuracy data.  

Figure 4-3A indicates  t ha t  f o r  t h e  ea r ly  par t  of the t r a j ec to ry ,  the 

Earth provides the  best  measurement accuracy. 

good navigation da ta  a t  t h i s  ti-. 

t o  provide f a i r l y  good measurement data, the use of t h i s  body would not be 

expected t o  provide any addi t ional  information f o r  the f i r s t  40 days. 

Thfs is because the RA of the Earth and the RA of the  Sun i n  the ea r ly  

p a r t  of the  t r a j ec to ry  are almost 180' apar t  and therefore ,  the pos i t ion  

information obtained from these two bodies is almost col inear .  

which shows the propagation of inject ion e r rors  and includes the e f f e c t s  

of Earth and Sun observations made along the outbound t r a j ec to ry ,  shows 

t h a t  there  is, %n f a c t ,  a degradiaticn p t r formncc  by replacing some of 

the Earth observations with Sun observations, r a the r  than using j u s t  

Earth observations. 

and implies,  therefore ,  t h a t  t h i s  constraint  is dependent on the coordinate 

which is normal t o  t h a t  determined by e i t h e r  the Earth o r  the  Sun. 

The Moon would a l s o  provide 

Although from Figure 4-3A the Sun appears 

Figure 4-4, 

I 
4 

The f igure  a l s o  indicates  no change in  the BOT e r ro r  

I n  order t o  obtain a good posit ion estimate along the  d i r ec t ion  

normal t o  the posi t ion estimate provided by the Earth,  it is necessary t o  

use a body whose RA is  about 90' from t h a t  of the Earth. The approximate 

value of t h i s  RA is  defined by A-A Figure 4-3B. Any body whose RA passes 

through the  cross  hatch area w i l l  provide good information on the  coordinate 

normal t o  the A-A fo r  the f i r s t  60 days. 

the Moon passes through the area as shown by the  f igure.  

it is possible  t o  obtain a good measurement of the coordinate normal t o  

A t  twelve hours from in jec t ion  

During t h i s  time 

A-A , 
seen 

s ince  the  measurement accuracy using 

i n  Figure 4-3A. 

4-3 
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The value of Moon 

shows a reduction 

from in jec t ion .  

An a l t e r n a t e  

observations at t h i s  time is v e r i f i e d  by Figure 4-5 which 

i n  the  BOT e r r o r  in estimate s t a r t i n g  at about 5 hours 

method f o r  obtaining information on t h e  coordinate 

normal t o  A-A is t o  make Sun observations s t a r t i n g  a t  40 days. A t  t h i s  

time the  Sun crosses  the  region of i n t e re s t  i n  Figure 4-3B and takes 40 

days t o  cross  it. The t racking da ta  shown i n  Figure 4-6,which uses Sun 

and E8rth observations during the  f i r s t  100 days, shows t h a t  the  Sun 

observations a t  about 40 days have the  same e f f e c t  as the  Moon i n  reducing 
+ A  

B O T  e r ro r  i n  estimate.  

The number of observations taken is important because each observation 

requires  a c e r t a i n  amount of t i m e  and f u e l  t o  maneuver the  vehicle  i n t o  

the  proper a t t i t u d e .  

the  number of observations is  not excessive. One of the  main considerations 

i n  determining the  number of observations is the  accuracy of the  measurement. 

During the  ea r ly  pa r t  of the  midcourse t r a j e c t o r y  the Earth provides accurate 

mearurements and near the  end Mars provides accurate measurements. Also 

a t  these times there  is only one body t o  observe and therefore  maneuvering 

i s  held t o  a minimum. 

It is  therefore ,  des i rab le  t o  adopt a schedule where 

The number of observations is also important, because there  i s  a trade- 

off between instrument accuracy and the number of observations. 

shown i n  Figure 4-7, where the navigation performance is  compared f o r  two 

This is  

sex tan ts  with accuracies of 10 arc-and 20 arc-seconds. Curves (1) and (2) 

have been obtained with 162 inplane measurements and 32 out of plane 

measurements. 

a t  220 days is 100%. 

i n  a l i n e a r  system where a parameter is estimated with an instrument having 

only random e r r o r s .  

The degradation i n  performance with the 20 arc-second device 

This is the  type of increase t h a t  would be expected 

The r e s u l t s  i n  curve (3) shows that the e r ro r  i n  estimate is reduced - 
very near ly  by the  square root  of the number of observations @ST - %JST). JN 
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This curve (3) represents the results obtained f o r  a 20 arc-second device 

and four times a s  many observations as i n  the other two cases. 

from the f igure ,  the estimation f o r  curve (3) is almost i den t i ca l  a s  t ha t  

f o r  the amre accurate instrument. 

A s  seen 

4.2 STAR SELECTION 

In  order t o  determine the  ava i l ab i l i t y  of spec i f i c  stars f o r  use 

with a sextant  along the t r a j ec to ry ,  that  can a l s o  be used i n  conjunctien 

with the  body se lec t ion  schedule, the r i g h t  ascension of Earth, Mars and 

the Sun, i n  a vehicle  centered 1950 equator of da t a  coordinate system is 
shown i n  Figure 4-8A. 
from the  spacecraft  where the dot ted l ines  are the  e c l i p t i c  plane projected 

onto the sphere, and some of the  f i r s t ,  second and t h i r d  magnitude s t a r s  

near the  e c l i p t i c  have been included. The f e a s i b i l i t y  of taking a sextant 

measurement at a given time can be determined by f i r s t  se lec t ing  a body 

from the  body se l ec t ion  schedule, and then using Figure 4-8A and Figure 

4-8B t o  determine whether the ava i l ab i l i t y  of stars and the  posi t ion of 

the Sun w i l l  make the  observation possible. 

Figure 4-8B, shows the  c e l e s t i a l  sphere as seen 

The da ta  i n  Figure 4-8A can also be used t o  evaluate the posi t ion ef 
the  Sun r e l a t i v e  t o  a body of in te res t .  

the  Sun did not "b1ind"the instrument being used. 

time of 120 days the  Earth is f i f t y  degrees away from the  Sun. 

a l so  indicates  t h a t  t h i s  is  as  close as  the  Earth ge ts  t o  the Sun along 

the  whole t ra jec tory .  

This would be done t o  ensure that 

For example, a t  the 

The f igure  

In order t o  i l l u s t r a t e  t he  use of Figure 4-8, an example is  now 

considered. 

t i ons  of the  Sun and Earth a re  desirable a t  120 days, Figure 4-8A is 
entered at t h i s  t i m e .  As shown by the dotted l i nes ,  the r i g h t  ascensions 

of these bodies are projected in to  the e c l i p t i c  plane shown on the 

c e l e s t i a l  sphere i n  Figure 4-8B. 

Assuming the body select ion da ta  ind ica tes  t ha t  the observa- 
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i 

me intersec t ion  of the dotted l i n e s  and the e c l i p t i c  plane reprerentr  t he  

posi t ions of the Sun and Earth on the  c e l e s t i a l  sphere as viewed from the 

spacecraft  a t  120 days along the t ra jectory.  

about each of these points have been enlarged and a re  shown i n  Figure 4-9. 
Overlayed on each sec t ion  is a twenty degree diameter c i r c u l a r  window. 

overlay could be made t o  any size and shape which corresponds t o  the 

vehic le ' s  observations window constraints  , The vehicle  windows shown i n  

the f igure  present the bodies of i n t e re s t  and the  background stars avai l -  

able a t  the  spec i f ied  time, 

Forty by s i x t y  degree sec tors  

The 

The upper par t  of Figure 4-9 shows t h a t  the f i r s t  magnitude star, 
Regulus, can be used f o r  a measurement of the posi t ion i n  the  u d i rec t ion .  

The use of the star would be r e s t r i c t ed  t o  a s l i g h t l y  earlier o r  l a t e r  

time s ince  it is d i r e c t l y  i n  the Sun a t  the time shown. The t i m e  d i f f e r -  

ence which would be required would depend on the  angular separat ion between 

a s t a r  and the  Sun required f o r  making such a measurement when using a 

spec i f i c  instrument. S l igh t ly  e a r l i e r  in the f l i g h t  (3 degrees r i g h t  

ascension o r  about 4 days), the t h i r d  magnitude star y 

par t  of the  window would be i n  an ideal  pos i t ion  f o r  a measurement i n  

the t d i rec t ion .  

su i t ab le  stars f o r  use with t h e  Earth as a reference body. 

i n  the laser portion of Figure 4-9. 
be used f o r  a t measurement and a f e w  days later it  would be positioned f o r  

a measurement i n  the u d i rec t ion .  

i n  the upper Leo' 

n 

The same type of analysis can be performed t o  select 

This is shown 

In t h i s  case t h e  a ta r ,  Spica, could 
A 

I 

I f  these two bodies, Sun and Earth were t o  be observed a t  approximately 

the  same t i m e ,  Figure 4-8 a l so  indicates t ha t  the vehicle  amst be reoriented 

f i f t y  two degrees i n  RA and twenty degrees DEC. 

system, these required excursions could be used t o  generate da t a  on the 

t i m e  and f u e l  requirements fo r  such amaneuver. 

With a spec i f i c  cont ro l  
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Figure 4-2 Problem of Determining the Two Dimensional 
Pos i t ion  in  the Trajectory Plane 
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Figure 4 - 3  TIME FROM INJECTION (DAYS) 
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SECTION 5 

EARTH MARS MIDCOURSE ANALYSIS 

I 

The pr inc ipa l  r e s u l t s  of t h i s  study, which include a s t a t i s t i c a l  e r ro r  

analysis  of the navigation and guidance system, a re  sumnarized i n  Sections 

5,  6 ,  and 7. The analysis  i n  t h i s  section per ta ins  t o  the  midcourse phase 

of the  Earth-Mars mission. It i s  defined t o  be the i n t e r v a l  of t i m e  between 

in j ec t ion  onto the  t r ans fe r  t ra jectory from a 185 Ian a l t i t u d e  Earth park 

o r b i t  and the  point of c loses t  approach t o  Mars. 

t h a t  the  accuracy of t he  guidance system is highly dependent on the accuracy 

of the  n e a t i o n  system, the  navigation is studied f i rs t  and these r e s u l t s  

a re  then used t o  study the guidance system. 

Since it has been found 

The anaiysis  of tne navigation system is coiic*:rned ufth & t e r n i n k g  

the accuracy with which the pos i t ion  and ve loc i ty  of the  vehicle  can be 

estimated. 

the capab i l i t i e s  ef groundbased and onboard navigation systems, the navi- 

gat ion analysis  i s  car r ied  out f o r  each of the four systems described i n  

Section 1. 
nlrrigsrioz eget-ema in the error in estimate of the end-point cons t ra in ts  

on the nominal t ra jec tory .  

Since one of the  primary objectives of t he  study is t o  compare 

The overa l l  f igure  of merit t ha t  is  used f o r  comparing the 

The guidance analysis  fo r  the  midcourse phase is  concerned with 

determining the numbgr of corrections and times at  which they are  made, 

evaluating two d i f f e r e n t  guidance laws, and analyzing the e f f e c t s  of 

e r r o r s  r e su l t i ng  from the thrus t ing  maneuvers. 

f o r  evaluating the guidance system is t he  deviat ions of the end-point 

cons t ra in ts .  

on the mission i t s e l f .  

was t o  flyby the planet with a high probabi l i ty  of not impacting. 

t he  large value of radius of c loses t  approach tha t  w a s  used, large guidance 

deviat ions could not be to le ra ted .  If instead an atmospheric braking 

maneuver were t o  be executed a t  Mars, a much smaller tolerance on the 

deviat ions i s  required.  

The f igure  of merit  used 

The spec i f i c  deviation requirements depend t o  a large extent 

For example, w i t h  Mariner I V ,  the  primary concern 

With 
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I n  the  analysis  of the four systems which follows, a bas i s  of comparison 

which is  used is a If: 3.5 lan deviation i n  the a l t i t u d e  d i rec t ion .  

would be su f f i c i en t  guidance accuracy f o r  the  terminal maneuver t o  be 

performed with atmospheric maneuvering. 

approximately a three-sigma confidence l eve l  of h i t t i n g  a 2 1  km entry 

corr idor  a t  Mars. 

This 

This deviat ion e r r o r  represents 

* 
This corr idor  width w a s  obtained i n  a previous study. 

The analysis  i n  t h i s  sec t ion  has been performed f o r  a given nominal 

t r a j ec to ry  and f o r  assumed numerical values of the  s t a t i s t i c a l  e r ro r s .  

Use of the  r e s u l t s  i n  t h i s  sec t ion  t o  specify hardware requirements i s  

therefore  limited by these assumptions t h a t  have been made f o r  the 

Earth-Mars mission. 

t o  analyze the guidance and navigation requirements a re  not l imited,  and 

i n  f a c t ,  could be applied t o  any interpianetary rni88feii. 

However, the techniques t h a t  have been developed 

5.1 NAVIGATION SYSTEM COMPARISON 

I n  t h i s  t ec t ion  the  navigation performance i s  measured by the e r ro r  

i n  B O T  and B*R end-points estimates for  each of the  four systems defined 

i n  Section I .  Although bias errere clearly a f f e c t  the e r ro r  i n  estimate 

of the s t a t e ,  with the exception of s ta t ion-locat ion b ias  e r ro r s ,  only 

unbiased s t a t i s t i c a l  measurement errors  are considered. 

- + A  4 

The e f f e c t  of the station-\location b ias  e r ro r s  on the  performance of 

System I i s  shown i n  Figure 5 -1by  considering three d i f f e ren t  cases. 

F i r s t ,  neglecting the b ias  e r ro r s  yields a terminal e r r o r  i n  estimate of 

approximately 100 km. Second, including the e f f e c t s  of 100 meter s ta t ion-  

loca t ion  b ias  e r ro r s  i n  both the north and eas t  d i rec t ions  causes the e r ro r  

i n  estimate t o  increase t o  approximately 250 km. 
have been included as  par t  of an expanded s t a t e  vector and the numerical 

values  of these e r ro r s  has been determined. 

Jrk 

In  the th i rd  case e r ro r s  

* The study of parameters and the  de f in i t i on  of the corr idor  bounds are 
described i n  Reference (5).  

* On the low energy t r a j ec to ry  the e r r o r  i n  estimate is  25 km. 
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The estimation of the bias error reduced the end-point estimate to 120 km. 
The decrease in the error in estimate of the location of the Johanesburg 

tracker is shown in Figure 5-2. The errors in the north and east location 

are reduced from 100 meters to approximately 10 meters. 

that by using parameter estimation 
it is possible to reduce the magnitudes of these uncertainties. 

as a reault of using this technique, the bias error uncertainties are 
rearoved, then the data obtained which have neglected bias errors, become 
quite realistic. 

These data indicate 

for the bias error sources 

In fact,if 

The navigation data for the four system configurations is s h a m  in 

Figure 5-3. The onboard instrument is a 10 arc-second theodolite. The 

type of mission which these systems are capable of can be inferred from 

these data. The use of the DSLF (System ij pruvides a ra?iZ2;=1;' geed 

estimate of the end constraints early in the flight compared to System IV, 
the onboard system. 
The addition of the onboard tracker (System 11 and 111) provides in 

improvement in the terminal accuracy of approximately two orders of 

magnitude. 

ii and ZII. 
resulted in slightly larger velocity requirements. This is due to the 
first correction being made with a larger error in estimate of the end 
constraints. 

It has an accuracy limited to approximately 100 km. 

System IV provides terminal accuracies of the same order as 
Ttl+ poorer estimtca during the early phase of the trajectory 

Figures 5-4 and 5-5 sumearites the navigation and guidance performance 
of the four system configurations as a function of the onboard instrument 

accuracy. 

nominal "state of the art" system. 
the capabilities of the systems to estimate and control the distance of 

closest approach with VTA guidance law. It indicates the instrument 

accuracy required under the assumptions made, to hit an entry corridor with 

each system configuration. 

The guidance system used to obtain these guidance data is a 
A * + 

The B O T  data in Figure 5-4 indicates 

* The nominal guidance system assumes proportiona1,pointing and resolution 
errors of 1%, 0.5 degrees, and .1 m/sec, respectively. 
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System 1 does not have the  capabi l i ty  of such a mission and 11, I11 and 

I V  require  instrument accuracies of 12,  18 and 4 arc-seconds respect ively.  

The 

or uncer ta in t ies  i n  the  inc l ina t ion  of the apparent t r a j ec to ry .  

da ta  shown i n  Figure 5-5 corresponds primarily t o  cross-range e r ro r s  

A comparison of the  guidance deviation and the e r ro r  i n  estimate da ta  

indicates  t ha t  with the number of guidance correct ions used, the  nominal 

system is capable of cont ro l l ing  the  t ra jec tory  t o  within 10-20% of the 

e r ro r  i n  estimate of the constraints .  

a re  primarily determined by the s i z e  of the i n j e c t i o n e r r o r s  whichare used. 

The ve loc i ty  requirements shown 

5.2 GUIDANCE ANALYSIS 

In t rder  tc c c q a r e  the performance of the four navigation systems 

i n  the previous sec t ion ,  a guidance system was assumed t h a t  consisted of 

a nominal set of execution errors, and used a pa r t i cu la r  time schedule 

fo r  making midcourse maneuvers. 

on the guidance system e r ro r  sources. 

the number of guidance correct ions as w e l l  as the  times a t  which the  cor- 

rec t ions  are made, is discussed. 

In t h i s  sect ion,  parametric da ta  is presented 

Also the  type of data  used t o  select 

The f i r s t  correct ion data  fo r  System I using a VTA guidance l a w  

a r e  shown i n  Figure 5-6 .  

pos i t ion  cons t ra in ts  shown i n  the figure represent the  performance of the  

navigation system being used. 

a r e  f o r  the  VTA guidance laws which have as B*T and B-R two cons t ra in ts  

and e i t h e r  the  ve loc i ty  a t  i n f i n i t y  o r  a minimum AV as  a t h i rd  constraint .  

The curve of t he  RMS end-point posit ion deviat ion a f t e r  a correct ion 

ind ica tes  the  cons t ra in t  deviat ion which would occur i f  a correct ion were 

made a t  any of the times shown. 

The RMS error  i n  t h e  estimate of t h e  end-point 

The two curves which show the  RMS AV required 
a A -+ 4 

The t i m e  a t  which the f i r s t  guidance correct ion should be made can be 

determined f romthe  da ta  i n  Figure 5-6. 
a guidance time is the  AV required and the  deviations a f t e r  the correct ion.  

An important c r i t e r i a  f o r  s e l ec t ing  
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The two curves i n  Figure 5-6 indicate  tha t  a t  2 days the posi t ion deviat ion 

a f t e r  a correct ion is a t  a minimum and a l s o  the required AV is low (10.6 

m/sec). 
e r rors .  The cause of the magnitude of t he  end posi t ion deviation (1720 

km) being considerably larger  th8n the RMS e r r o r  i n  estimate (405 km) i s  

the e f f e c t  of the guidance system execution e r ro r s .  

This f i r s t  correct ion primarily compensates f o r  the in jec t ion  

The data  i n  Figure 5-6 show t h a t  it would be very undesirable t o  make 

a correct ion a t  60 days because of the la rge  AV requirements. 

f o r  t h i s  large requirement is tha t  the matrix r e l a t i n g  changes i n  the  

ve loc i ty  a t  t h i s  time t o  changes in  the end-point cons t ra in ts  becomes 

s ingular .  

the t a rge t  on the Sun-centered conic is 180' (Figure 1-1). 

s inguiar i ty  iti Gistiiaoad fa Ekferazce ? -  

required AV and the resu l t ing  deviations i f  a correct ion i s  made, can a l s o  

be used t o  s e l e c t  the number of corrections which should be made. 

5-7A shows the  r e s u l t s  which a re  achieved f o r  a second correct ion f o r  

System 11 and 111. During the l a s t  day, the guidance accuracy reaches a 

l i m i t  of 23 km. 
crrrlne the proportional and pointing guidance e r ro r s  t o  grow. The e r r o r  i n  

estimate is reduced t o  approximately 3 km a t  t h i s  time. 

number of correct ions is l imited t o  two i n  t h i s  case the correct ion requires  

approximately a AV of 100 m/sec to  achieve an accuracy of 23 km or  20 m/sec 

f o r  30 km accuracy. The da ta  i n  Figure 5-7B shows the  value of making a 

th i rd  correct ion.  These data  assumed a second correct ion is made 232 days 12 

hours which requires  a AV of 8 m/sec and resul ts  i n  a constraint  deviation 

of 38 km a f t e r  the correct ion.  The third correct ion da ta  indicates  t h a t  with 

a t h i r d  correct ion of 1 or 2 m/second the guidance system can cont ro l  t h i s  

t r a j ec to ry  t o  4 or 5 km. T h i s  is only 20 percent la rger  than t h e  e r r o r  i n  

estimate of the cons t ra in ts .  This type of data  showed tha t  systems I, I1 

111, and IV required 2, 3 ,  3 ,  and 4 corrections respectively.  

The reason 

This s ingular i ty  occurs a t  the time when the t rue  anomaly t o  

This type of 

Data of t h i s  type which shows the 

Figure 

This is because the increasing ve loc i ty  requirements 

Therefore i f  the 

The e f f e c t s  of varying the three guidance system e r ro r  sources a re  

shown i n  Figure 5-8 f o r  the system I V  navigation system. 
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The curves shown represent l i n e s  of constant end pos i t ion  deviat ions 

following the  correct ion.  The da ta  show the  guidance accuracy a f t e r  the  

f i r s t  cor rec t ion  is  dependent on a l l  three e r r o r  sources. 

cor rec t ion  da ta  ind ica tes  t h a t  i f  a su f f i c i en t  number of cor rec t ions  a r e  

made, only the  reso lu t ion  e r r o r  l imits the  f i n a l  accuracy. 

The four th  

When a guidance system i s  used with the number of correct ions res-  

t r i c t e d ,  the  e f f e c t s  of a l l  the  execution e r r o r s  becomes more important. 

The parametric e r r o r  da ta  then permits t radeoffs  t o  be made between the  

e r r o r  allotment t o  each e r ro r  source in  the guidance system. 

i l l u s t r a t e d  by the da t a  shown i n  Figure 5-9, which a re  representa t ive  of 

the  e f f e c t  of guidance system e r r o r s  on missions where the  number of 

cor rec t ions  is r e s t r i c t e d  t o  one (Mariner IV). The da ta  have been obtained 

This i s  

oii the iirriiiiial t r a j a z t o q  ==der the a s s = q r i c n  that I cnrrecttnn is merle 

a t  180 days. The navigation system has been assumed t o  be perfect .  

I f  the  mission object ives  required a maximum standard deviat ion of 

2000 km following the cor rec t ion ,  the da t a  can be used t o  def ine l i m i t s  

on guidance system e r ro r s .  

the dot ted  l i nes  i n  the  f igure  show two possible l i m i t s  f o r  the  reso lu t ion  

and proport ional  e r ro r s .  I n  one case (Figure 5-9B) i f  the reso lu t ion  

e r r o r  is .05 meters/second, the  proportional e r r o r  is r e s t r i c t e d  t o  be 

l e s s  than 1.62%. The second case (Figure 5-9C) allows t h e  reso lu t ion  

e r r o r  t o  increase t o  .2 meters/second which then r e s t r i c t s  the  propor- 

t i o n a l  e r r o r  t o  be l e s s  than 1.25%. 

Fixing the point ing e r ro r  a t  .75 degrees,  

The da ta  in  Figure 5-9A f o r  the  case of zero reso lu t ion  e r r o r s  shows 

the  maximum allowable e r ro r s  a r e  1.05 degrees and 3.0% (extrapolated)  f o r  

the  poin t ing  and proportional e r r o r  sources respect ively,  i n  order t o  

s a t i s f y  a devia t ion  of 2000 km. Atti tude cont ro l  and rocket motor sub- 

systems with la rger  e r r o r  magnitudes than these could not be considered 

f o r  t h e  mission which was defined above. The time of correct ion is  

another parameter which w a s  not varied but would change the  f igu re  as  shown 

and the re fo re  the re la t ionships  between the  e r r o r  sources and the e r r o r  

l i m i t s .  5-6 
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System IV is  used t o  compare t h e  use of VTA and FTA guidance l a w s .  

The performance of t h e  guidance system is very near ly  t h e  same ( 5 % )  with  

t h e  two laws. 

with 23.2 m/second f o r  VTA, 

a r r i v a l  t i m e .  

VTA it is 38.6 minutes. 

The AV requirements with FTA are 56.8 meter/second compared 

This d i f fe rence  is t h e  pena l ty  f o r  c o n t r o l l i n g  

The arrival time devia t ion  with FTA is  36.0 seconds and wi th  
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SECTION 6 

MARS EARTH MIDCOURSE ANALYSIS 

The r e s u l t s  of the s t a t i s t i c a l  e r ror  analyses of the navigation and 

guidance systems fo r  t he  midcourse phase of the Mars-Earth r e tu rn  t r a j ec to ry  

a r e  described i n  t h i s  sect ion.  Since only Systems I11 and I V  a r e  reasonable 

choices for  a manned Mars mission, it  is these two systems t h a t  a r e  discussed 

f o r  the re turn  phase. 

the perigee pos i t ion  cons t r a in t s  expressed i n  a l t i t u d e ,  down range, and c ross  

range coordinates. 

re turn  was a diagonal matrix with an RMS pos i t ion  deviat ion of 30 km and 

an RMS ve loc i ty  deviat ion of 30 m/sec. 

The results are obtained f o r  an FTA guidance law with 

The covariance matrix of in jec t ion  e r ro r s  used on the 

6.1 NAVIGATION SYSTEM 

The navigation r e s u l t s  f o r  Systems I11 and I V  a r e  shown i n  Figure 6-1. 
- --- System 111 u t i l i z e d  only t h e  u u r  since t k  =&!itie~ nf nnboard observations 

a r e  of very small value on the return t ra jec tory .  

second theodol i te .  RMS e r r o r  in  estimate of the perigee pos i t ion  is prim- 

a r i l y  an  e r ro r  i n  the down range posit ion.  

srrsrs are 1,27 m/sec and 2.91 m/sec f o r  System I11 and I V  respect ively.  

The guidance and navigation data for the  two systems a r e  summarized i n  

Figure 6-2. 
system and an FTA guidance law. 

graphs s ince  the DSIF performance is  good enough tha t  onboard instruments 

a r e  not  needed f o r  t h i s  system. The a l t i t u d e  deviat ion a t  perigee with 

System IV can be cont ro l led  t o  ,+ 3.5 km with a 4 arc-second insturment. 

This accuracy is adequate t o  h i t  an en t ry  cor r idor  a t  Earth. ( 5 )  For the 

s p e c i a l  case t h a t  has assumed Moon observations with a 10 arc-second 

instrument, the data shows tha t  these observations r e s u l t  i n  a s i g n i f i c a n t  

reduct ion i n  both the  estimation errors  and the deviations a t  perigee. The 

system with a 10 arc-second instrument i n  t h i s  case  is very near ly  capable 

of  h i t t i n g  an entry corr idor .  

System I V  used a 10 arc- 

The per igee a l t i t u d e  estimate 

These data  have been obtained with the nominal guidance 

System I11 is shown a s  a point  on the 
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The use of a Venus swingby t ra jec tory  on the r e tu rn  leg showed the 

same guidance and navigation a s  the d i rec t  re turn  t r a j ec to ry .  The 

ve loc i ty  requirements increased from 110 meters/sec on the d i r e c t  r e tu rn  

t o  250 meters/sec on the  swingby return.  

Table 6- 1 presents  the navigation and guidance system performance of 

System I V  with a 10 arc-second insturment on two normal round t r i p  Mars 

missions. 

the low energy with a Venus swingby return. These r e s u l t s  ind ica te  the  

system performance on the two t r a j e c t o r i e s  is approximately the same. The 

only s ign i f i can t  d i f fe rence  occurs i n  the  ve loc i ty  requirements on the 

swingby r e tu rn  t ra jec tory .  

The r e s u l t s  a r e  presented for the  high energy round t r i p s  and 

6.2 GUIDANCE SYS'I'E~ 

The nominal guidance system on the r e tu rn  t r a j ec to ry  for an FZ9 

guidance law cont ro l led  the  end-constraints t o  within 10-209.. 

The number of guidance correct ions and t h e i r  times a r e  es tabl ished 

with Ci'J and bsviet im tradeoff data s imi la r  t o  t h a t  shown i n  Section 5 .  

The only s ign i f i can t  guidance difference on the  r e tu rn  t r a j ec to ry  is 

t h a t  the  use of  VTA and FTA guidance laws require  approximately the  same 

t o t a l  AV. 

This is the  r e s u l t  of a s ingu la r i ty  (Figure 6-3) which occurs a t  110 days 

when using a VTA guidance law. This causes the ve loc i ty  requirements with 

a VTA guidance law t o  be s igni f icant ly  la rger  during the ea r ly  p a r t  of the  

f l i g h t .  The minimum AV curve shown i n  the f igure  ind ica tes  t h a t  i n  t h i s  

case  when V, is not t he  t h i r d  cons t ra in t ,  the  s ingu la r i ty  does not  occur. 

However, a t  170 days a second s ingular i ty  occurs. This s ingu la r i ty  is 

the r e s u l t  of the  time anomaly t o  the t a rge t  being 180 degrees a t  t h a t  

t i m e ,  and is seen t o  occur fo r  both the  VTA and minimum AV guidance laws. 

With FTA 100 meters/sec is required and 110 meters/sec with FTA. 
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The ve loc i ty  requirements on the return leg  are larger than the out- 

bound primarily due t o  the d i f ferent  inject ion errors which have been used. 

The FTA v e l o c i t y  requirements on the outbound and return t ra jec tor ie s  using 

the Earth inject ion errors for both are 56.89 m/sec and 56.85 m/sec res- 

pect ive ly .  
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TABLE 6-IA 

TERMINAL CONDITIONS 

HIGH ENERGY ROUND TRIP* 

EARTH-MARS (VTA) 

E s t  B*T 6.38 Km E s t  A l t  
Dev B-T 6.54 Km** Dev A l t  

E s t  B * R  
Dev B * R  

To ta l  AV 

1.99 Km E s t  DR 
2.01 Km Dev DR 

23.19 m/Sec Est CR 
Dev CR 

Total  A V  

MARS -EARTH (FTA) 

5.76 Km 
6.80 Km* 

383.00 Km 
383.00 Km 

2.91 Km 
3.86 Km 

110.34 m/Sec 

TABLE 6-1B 

TERMINAL CONDITIONS 

LOW ENERGY ROUND TRIP* 

EARTH-MARS (VTA) MARS -VENUS -EARTH (FTA) 

Est B O T  3.88 Km Est A l t  5.17 Km 
Dev B*T 4.07 Km* Dev A l t  5.48 Km** 

E s t  B*R 
Dev BeR 

To ta l  A V  

2.67 Km Est DR 
2.79 Km Dev DR 

25.86 m/Sec Est CR 
Dev CR 

Tota l  A V  

*10 Arc Second Theodol i te  
**Corridor Coordinate 
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SECTION 7 

MARS ORBITAL ANALYSIS 

The capab i l i t y  of the DSIF and onboard navigation systems t o  determine 

the  Mars park o r b i t  is  discussed i n  th i s  sec t ion .  The o r b i t a l  phase starts 

immediately a f t e r  the  r e t r o  maneuver and continues f o r  40 days. 

phase of the  mission h8s been s tudied independently of e i t h e r  of the mid- 

course phases. I n i t i a l  uncer ta in t ies  have been assumed t h a t  are la rger  

than the values t h a t  would r e s u l t  f romthe  outbound midcourse phase and 

the  retro maneuver. 

mission requirements have been defined f o r  t h i s  phase. 

of t he  navigation systems is  interpreted i n  terms of orbi ta le lements ,  as  

w e l l  as the  in-plane and out-of-plane components of pos i t ion  and ve loc i ty ,  

f o r  var ious o r i en ta t ions  of t he  orbi t .  

This 

No guidance corrections are considered and no spec i f i c  

The performance 

The study of DSIF t racking shows t h a t  the RMS pos i t ion  and ve loc i ty  

unce r t a in t i e s  f o r  the nominal park orbit a f t e r  three days of t racking a re  

2 km and .025 km/sec respect ively.  

however, depends t o  a large extent  on the  inc l ina t ion  

w i t h  respec t  t o  the Earth-Mars line. Although azimuth, e leva t ion ,  and 

range r a t e  measurements have been assumed f o r  t h i s  system, because of 

the la rge  d is tance  between Earth and Mars the only observation t h a t  provides 

accura te  information is range-rate.  This measurement provides information 

on the  ve loc i ty  components of the  s t a t e  t h a t  a r e  along the  LOS, and there- 

fo re  the  bes t  r e s u l t s  with DSIF tracking are obtained f o r  large incl ina-  

t i o n s  between the o r b i t  plane and the t racker  LOS. 
unce r t a in t i e s  i n  pos i t ion  and veloci ty  t h a t  have been obtained with DSIF 

t racking  a r e  shown i n  Figure 7-1  t o  be 400 km and . 3  km/sec.* These values 

r e su l t ed  from an o r b i t  t h a t  was inclined 90 t o  the  Earth-Mars l i n e .  The 

e f f e c t  of the vehic le  occul ta t ion by Mars has a l s o  been determined. For 

the  o r b i t  that r e s u l t s  i n  the longest occul ta t ion  t i m e ,  the  increase i n  

pos i t i on  and ve loc i ty  uncer ta in t ies  over the  case where no occulation occurs 

is 30 percent and 25 percent, respectively.  

The capab i l i t y  of t he  DSIF t racking,  

of the  o r b i t  plane 

The smallest RMS 

0 

*These values a r e  obtained on the  L t h  o rb i t .  
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A sunnary of the resu l t s  of evaluating seven d i f f e ren t  navigation 

systems f o r  the nominal park o rb i t  is shown i n  Table 7-1. These systems 

include DSIF,DSIF-sextant, DSIF-bnboard radar ,  sex tan t ,  onboard radar ,  

subtended angle,  and sextant-subtended angle measurements. As shown i n  

the t a b l e ,  the most accurate o rb i t  determination is obtained with the  

DSIF-sextant system. The RMS uncertaint ies  i n  posi t ion and ve loc i ty  with 

these observations a re  .2 km and .17 m/sec respect ively.  

of a system with e i t h e r  sextant or sextant and subtended angle measure- 

ments is a l s o  qui te  accurate and results i n  RMS uncer ta in t ies  of .75 Ian 

and .6 mlsec. 

observations is i n  general good because these measurements a re  capable 

of determining both the in-plane and out-of-plane components of the 

pos i t ion  and ve loc i ty  uncer ta in t ies .  The r e s u l t s  of DSIF-onboard radar ,  

onboard radar ,  and subtended angle measurements, a l s o  sl-.own i n  Table 7-1,  

a re  considerably poorer than the  sextant measurements. 

The performance 

The performance of systems that make use of sextant  

A composite summary of the navigation capab i l i t i e s  of the  seven systems 

f o r  determining the s i x  o r b i t a l  elements, is given i n  Table 7-2. These 

da ta  a l s o  show tha t  the bes t  performance is obtained with DSIF-sextant 

observations. 
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Figure 7-1 RMS Position and Velocity Estimate Knowledge at 270 Degrees True 
Anomaly on the Fourth Orbit vs. Earth-Mars Declination Angle 
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SECTION 8 

RECOMMENDATIONS 

Additional study areas  which would extend the scope of the  present 

study, and which a r e  considered t o  be important f o r  def ining the  naviga- 

t i o n  and guidance requirements of an  interplanetary mission, a r e  the 

following: 

a .  Precis ion Trajectory.  The resu l t s  which a r e  obtained i n  t h i s  

study with a patched conic t r a j ec to ry  should be ve r i f i ed  with the use of 

a prec is ion  t ra jec tory .  

b. Bias Errors.  The influence of b i a s  e r r o r  sources which a r e  neg- 

lec ted  i n  t h i s  study should be evaluated. 

t ies  i n  the physical constants  (mass of t h e  Sun, oblateness of Mars, mass 

of Mars, e t c . ) ,  measurement instrument biases, on board clock bias ,  and 

t racker  s t a t i o n  loca t ion  e r ro r s .  

These e r ro r s  include uncertain-  

c .  F i l t e r i n g  Technique. The study has assumed the  use of a Kalman 

The various other  f i1ter i r .g  techniques f i l t e r  i n  the  data processing. 

should be evaluated and, i n  pa r t i cu la r ,  consideration should be given t o  

t h e i r  onboard implementation. 

d. Beacons. The importance of having beacons on Mars should be 

evaluated f o r  the  approach phase of t he  mission, terminal maneuvering 

phase and the  o r b i t a l  phase. 

e. Terminal Maneuvers. The requirements f o r  i n e r t i a l  equipment i n  

the  guidance system should be determined f o r  the r e t r o  maneuver (powered 

and/or atmospheric) and the powered f l i gh t  out of the Mars o r b i t .  

ana lys i s  i s  a l s o  required a t  perigee on the  return.  

A r e t r o  

f .  Onboard Computer. The design of the onboard computer should- he 

s tud ied  t o  determine means of t rad ing  off speed f o r  r e l i a b i l i t y  (500 t o  
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600-day missions). A l s o ,  techniques f o r  simplifying ca lcu la t ions  f o r  esti-  

mating and predict ing the s ta te  should be investigated.  This inves t iga t ion  

should include the e f f e c t s  of t runcat ion e r rors  i n  the  computer. 

g. Mars Orbit .  The navigation requirements i n  o r b i t  should be de te r -  

mined i n  terms of spec i f i c  mission objectives.  The influence of the  

oblateness of Mars on these requirements should be evaluated. 

r e su l t i ng  from park o r b i t  navigation and the burning maneuver out of o rb i t  

should be evaluated i n  terms of t h e i r  e f f ec t  on the r e tu rn  t r a j ec to ry  com- 

putat ions and performance. 

The e r r o r s  

h. Venus Swingby. The Venus swingby mission should be s tudied i n  

d e t a i l  because of i t s  apparent importance i n  a round-trip Mars mission. 
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